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Ultraviolet light causes both acute and chronic changes
in extracellular matrix. We sought to examine the
effects of different ultraviolet wavelengths on expres-
sion of matrix-related genes in fibroblasts. We previ-
ously reported that tropoelastin gene expression in vivo
decreases with acute ultraviolet B exposure, and
interleukin-1a-mediated upregulation of tropoelastin
is blocked in vitro after ultraviolet B radiation. In this
study, we found that only ultraviolet B, but not
ultraviolet A or ultraviolet A1, blocked the ability
of interleukin-1a to stimulate tropoelastin expression
in vitro. Ultraviolet B and interleukin-1a synergistically
increased tumor necrosis factor-a secretion by
fibroblasts, a finding not seen with ultraviolet B alone
nor with ultraviolet A or ultraviolet A1 combined
Tumor necrosis factor (TNF)-α is an important proin-flammatory cytokine in the skin and other organs. Itsuppresses expression of genes for structural elementsin the extracellular matrix (Kahari et al, 1992; Mauvielet al, 1995; Mori et al, 1996), stimulates expression
of metalloproteinases that degrade matrix (Westermarck et al, 1995;
Saren et al, 1996), induces intercellular adhesion molecule-1,
vascular permeability factor/vascular endothelial growth factor, and
interleukin (IL) -8 expression in keratinocytes and endothelial cells
(Krutmann et al, 1990; Neumann et al, 1996; Longuet-Perret et al,
1998), regulates immune cell reactions (Zhang et al, 1995; Kondo
et al, 1997), enhances binding of T cells to matrix (Hershkoviz
et al, 1995), activates cutaneous mast cells (Brzezinska-Blaszczyk
and Pietrzak, 1997), and stimulates apoptosis of lymphocytes (Zheng
et al, 1995) and keratinocytes (Schwarz et al, 1995). TNF-α is
involved in several physiologic and pathophysiologic processes,
including the acute-phase response (Groves et al, 1995) and the
development of lupus erythematosus (Sullivan et al, 1997).
Here, we focused on a possible role of TNF-α in mediating
effects of ultraviolet (UV) light on the extracellular matrix of skin.
UV-induced changes in cutaneous matrix are important in the
process of photoaging (Schwartz et al, 1995; Werth et al, 1996,
1997; Fisher et al, 1997; Lavker and Kaidbey, 1997). UV light has
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with interleukin-1a. Keratinocytes showed a similar
ultraviolet B-specific induction of tumor necrosis fac-
tor-a production. Addition of tumor necrosis factor-a
to cultured fibroblasts blocked interleukin-1a-induced
stimulation of tropoelastin message, and addition of
anti-tumor necrosis factor-a antibodies restored the
responsiveness of tropoelastin and collagen messages to
exogenous interleukin-1a after ultraviolet B exposure.
We conclude that interleukin-1a in combination spe-
cifically with ultraviolet B induces fibroblasts to secrete
tumor necrosis factor-a, and that this ultraviolet B-
specific induction of tumor necrosis factor-a secretion
is responsible for effects of ultraviolet B on the expres-
sion of matrix-related genes in the skin. Key words:
interleukin 1a/tumor necrosis factor-a/ultraviolet A/ultravi-
olet B. J Invest Dermatol 113:196–201, 1999
both acute and chronic effects on genes for extracellular matrix
components, such as tropoelastin and fibrillin, and several mechan-
isms for these effects have been reported (Zheng and Kligman,
1993; Schwartz et al, 1995; Werth et al, 1997). The release of
TNF-α after UV irradiation of keratinocytes in vitro (Kock et al,
1990; Strickland et al, 1997) and the rise in serum concentrations
of TNF-α after UVB irradiation of humans suggest that TNF-α is
a mediator of both local and systemic UV effects (Kock et al, 1990).
We recently reported that UVB (290–320 nm) acutely blocks
the ability of one UV-induced cytokine, IL-1α, to stimulate
tropoelastin expression in cultured human fibroblasts (Werth et al,
1997). This inhibition probably accounts for the decrease in
tropoelastin gene expression seen in acutely irradiated human skin
(Werth et al, 1997), despite the fact that UVB stimulates secretion
of IL-1α, which is known to upregulate tropoelastin expression in
the absence of UV (Kupper et al, 1987; Mauviel et al, 1993). The
effect of UVB on IL-1α action was specific to tropoelastin, with
no effect on the ability of IL-1α to upregulate collagenase (MMP-
1) mRNA (Werth et al, 1997). Thus, there was no global suppression
of IL-1 receptor expression or function. Because UVB and UVA
elicit different effects on the matrix and on cytokine–matrix
interactions (Kligman and Sayre, 1991; Hershkoviz et al, 1995;
Krutmann and Grewe, 1995; Ariizumi et al, 1996) we have now
evaluated the specificity of UV wavelengths in blocking the ability
of IL-1α to stimulate tropoelastin expression. We have found that
only UVB, not UVA nor UVA1 (340–400 nm), is able to inhibit
IL-1α-induced upregulation of tropoelastin. Furthermore, we dem-
onstrate a selective, synergistic upregulation of TNF-α secretion
by fibroblasts exposed to the combination of IL-1α with UVB,
but not with UVA or UVA1, and this upregulation of TNF-α
VOL. 113, NO. 2 AUGUST 1999 WAVELENGTH-SPECIFIC SYNERGY BETWEEN UVR AND IL-1A 197
accounts for much of the wavelength-specific blockage of IL-1α-
induced upregulation of tropoelastin, as recently reported by Werth
et al (1998).
MATERIALS AND METHODS
Cultured cells Normal human fibroblasts were obtained from the
American Type Culture Collection (ATCC, Rockville, MD, catalog
no. 1828X-CRL) and grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Normal human keratinocytes
were cultured from neonatal foreskin and grown in MCDB 153 medium
(Sigma, M-7403, St Louis, MO) supplemented with 30 µM CaCl2,
bovine pituitary extract, epidermal growth factor, insulin, hydrocorticone,
ethanolamine, phosphoethanolamine, high amino acids, penicillin, and
streptomycin, using standard protocols (Chen and Jensen, 1996). Adult
keratinocytes were purchased (Clontech, Palo Alto, CA).
Fibroblasts were plated in Petri dishes (100 mm diameter, Corning) in
Dulbecco’s modified Eagle’s medium/10% fetal bovine serum, and grown
to 90% confluency before irradiation or cytokine addition. The sole
exception was the TNF-α antibody dose–response experiment, which was
done using six-well (35 mm) plates. The keratinocytes were just confluent
when irradiated for the study of cytokine secretion.
cDNA probes The human cDNA probes were for tropoelastin (1.1 kb
fragment from the 59 end of the cDNA) (Indik et al, 1987), collagenase
(2.0 kb, ATCC no. 57684) (Whitham et al, 1986), α1-procollagen (2.5 kb
cDNA, provided by Dr Sherill Adams (Yamamoto et al, 1980) and 18S
ribosomal RNA (1.5 kb, ATCC no. 77242).
Chemicals RNAzol B was purchased from Tel-Test (Friendswood, TX).
Cytokines (IL-1-α, TNF-α), anti-TNF-α antibody, and cytokine enzyme-
linked immunosorbent assay kits (TNF, IL-1α) were purchased from R&D
Systems (Minneapolis, MN). Control, nonimmune mouse IgG1 antibody
was from Becton Dickinson (Franklin Lakes, NJ). All other chemicals were
obtained from Fisher (Pittsburgh, PA) and Sigma.
Light sources and radiometry The UVB source was a bank of two
FS-40 sunlamps (Lights of America, Walnut, CA), with a peak irradiance
of 313 nm, equipped with a cellulose triacetate filter to remove lower
wavelengths below 290 nm. The UVA source was a 1000 W xenon lamp
solar simulator (Solar Light, Philadelphia, PA). The solar simulator was
used with a UG5 internal filter and an external UG11 filter to remove
long wavelengths and either a 3 mm WG335 Schott (UVA) or a 3 mm
WG345 Schott (UVA1) filter. UVB doses were measured with an Interna-
tional Light UV IL-443 UVB meter. UVA and UVA1 doses were
verified with an IL 1400A Research Radiometer (International Light,
Newburyport, MA).
UV exposure protocols Doses of irradiation (10 and 30 mJ UVB per
cm2, 5 and 20 J UVA or UVA1 per cm2) were chosen based on prior
literature on irradiation in culture (Niggli and Rothlisberger, 1988; Hanson
and DeLeo, 1990), on the levels of UV light thought to penetrate into
the dermis in vivo (Cornelius et al, 1994), and on the relative doses of UVB
or UVA during exposure to natural sunlight. The doses of UVB and UVA
are normalized to energy per area, not number of photons. Cultured
fibroblasts at 90% confluency were placed in phosphate-buffered saline,
maintained at 35–37°C in a thermostatically controlled water bath, and
irradiated at a distance of 40 cm with the Petri dish cover removed. Cells
receiving 0 mJ per cm2 (sham irradiation) went through the same procedure,
but covered with aluminum foil. After irradiation, cells were immediately
returned to Dulbecco’s modified Eagle’s medium/10% fetal bovine serum.
Three Petri dishes were used for each irradiation dose unless otherwise
noted. Cytotoxicity of UVB was assessed using Trypan Blue staining of
cells 24 h after irradiation and was always , 5%.
Cytokine protocols Cytokines were added to 90% confluent fibroblast
cultures in Dulbecco’s modified Eagle’s medium/10% fetal bovine serum.
In the case of irradiated fibroblasts, the cytokines were added in Dulbecco’s
modified Eagle’s medium/fetal bovine serum immediately after irradiation,
to avoid any direct effects of UV on the cytokine molecules. The following
concentrations were used: 10 ng IL-1α per ml; 5 and 10 µg of TNF-α
antibody per ml; 10, 100, and 500 ng TNF-α per ml. Unless otherwise
indicated, RNA was harvested 24 h after the addition of cytokines or anti-
cytokine antibodies.
Extraction of total RNA from cultured cells Fibroblast RNA was
extracted by adding RNAzolB (Tel-Test) directly to 100 mm3 Petri dishes,
followed by standard RNA isolation procedures using phenol–CHCl3
extraction and ethanol precipitation.
Northern blotting and slot blotting Specific binding was confirmed
for each probe by northern blot. For slot-blots, total fibroblast RNA was
applied to nylon membranes (Magna Charge 45 µm nylon transfer
membranes, MSI, Westboro, MA) using a slot-blot apparatus (10 µg per
slot), and then hybridized to labeled cDNA probes. The level of each
transcript was quantitated by PhosphorImage (Molecular Dynamics,
Sunnyvale, CA). Each transcript was normalized to 18S RNA.
TNF-a determination Conditioned media from irradiated and sham-
irradiated cells were collected 24 h after irradiation. TNFα and IL-1α
were quantitated by commercial enzyme-linked immunosorbent assay
(R&D Systems).
Statistics Comparisons between two means were performed using the
unpaired t test for cell culture results. Comparisons of several groups
simultaneously were performed by initially using analysis of variance. When
the analysis of variance indicated differences among the groups, pairwise
comparisons of each experimental group vs. the control group were
performed using the Dunnett q9 statistic. Unless otherwise indicated,
summary statistics are reported as mean 6 SEM, n 5 3. Absent error bars
in graphical displays of summary statistics indicate SEM values smaller than
the drawn symbols.
RESULTS
Wavelength-specific blockage of the ability of IL-1a to
upregulate tropoelastin message We previously reported that
UVB blocks the ability of IL-1α to upregulate tropoelastin message
in cultured fibroblasts (Werth et al, 1997). Here, we found the
same effect: addition of IL-1α to sham-irradiated cells stimulated
tropoelastin message, whereas tropoelastin message levels in UVB-
irradiated cells failed to respond significantly to IL-1α (Fig 1a).
We now examined the effects of other UV wavelengths. In both
UVA- and UVA1-irradiated fibroblasts, IL-1α caused tropoelastin
mRNA levels to significantly increase (p , 0.005) (Fig 1a),
indicating that these wavelengths do not eliminate this effect of
IL-1α. As an additional control, we examined the ability of IL-1α
to induce MMP-1 mRNA in UVB-, UVA-, and UVA1-treated
fibroblasts, and found no inhibition at any wavelength (Fig 1b),
consistent with our prior observation that UV does not globally
block all actions of IL-1α (Werth et al, 1997).
Wavelength-specific synergy between UV and IL-1a in the
stimulation of TNF-a secretion by fibroblasts and
keratinocytes Because prior studies indicate that the combina-
tion of UVB and IL-1α synergistically stimulates TNF-α secretion
from fibroblasts (Fujisawa et al, 1997), we sought to study the
wavelength dependence. Neither UVB, UVA, nor UVA1 irradiation
of fibroblasts measurably induced TNF-α secretion, as determined
by a sensitive enzyme-linked immunosorbent assay (Fig 2a). The
addition of IL-1α to UVB-irradiated fibroblasts caused a large
increase in the amount of secreted TNF-α, as previously described
(Fujisawa et al, 1997), whereas addition of IL-1α to UVA1- or
UVA-treated fibroblasts had no effect (Fig 2a). The effect of UVB
in the presence of IL-1α exhibited an increase, with high-dose
UVB (30 mJ per cm2) inducing 7.7 6 0.28 times as much TNF-
α production as the low dose (10 mJ per cm2) (data not shown).
In keratinocytes, we found that UVB induced large amounts of
TNF-α secretion, even in the absence of added IL-1α, whereas
UVA and UVA1 irradiation did not induce TNF-α secretion
(Fig 2b), similar to prior work (Longuet-Perret et al, 1998). UVB
at both low and high doses (10 and 30 mJ per cm2) increased
TNF-α secretion by keratinocytes, whereas even high-dose UVA
(20 J per cm2) failed to affect TNF-α output (Fig 2c). TNF-α
secretion from both adult and neonatal human keratinocytes exhib-
ited the same pattern: stimulation by UVB but no response to
either dose of UVA (Fig 2c). UVB, UVA, and UVA1 each induced
keratinocytes, but not fibroblasts, to secrete significant amounts of
IL-1α (data not shown). Because prior studies have shown that
anti-interleukin-1α antibodies block UVB-induced secretion of
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Figure 1. Effects of specific wavelengths on the ability of IL-1a to
stimulate matrix-related mRNA in fibroblasts. Human cultured
fibroblasts were irradiated with 30 mJ of UVB, 5 J of UVA, 5 J of UVA1,
or sham irradiated, and then given media without (minus symbols) or with
(plus symbols) 10 ng IL-1α per ml, followed by 24 h of incubation at
37°C. Displayed are normalized levels of tropoelastin (A) and collagenase
(B) mRNA.
TNF-α from keratinocytes (Corsini et al, 1995), we examined the
effect of adding IL-1α to these cells. We found that addition of
IL-1α to UVB-irradiated keratinocytes did not significantly alter
the amount of TNF-α that the cells secreted (data not shown),
suggesting that the endogenous production of IL-1α by irradiated
keratinocytes is sufficient to reach the maximal effect on TNF-α
secretion under these conditions. Taken together, these results
imply that UVB, but not UVA or UVA1, acts synergistically with
IL-1α in fibroblasts and possibly keratinocytes to stimulate TNF-
α secretion. The two cell types differ, however, in their dependence
on exogenous IL-1α after irradiation.
Effect of TNF-a on the ability of IL-1a to upregulate
tropoelastin message Because prior studies suggest a role for
Figure 2. Effects of specific wavelengths on cellular secretion of
TNF-a. (a) Fibroblasts were irradiated with 30 mJ of UVB, 5 J of UVA,
5 J of UVA1, or sham irradiated, and then given media without (minus
symbols) or with (plus symbols) 10 ng IL-1α per ml, followed by 24 h of
incubation at 37°C. Displayed are TNF-α concentrations in the conditioned
media (n 5 2). (b) Keratinocytes were similarly irradiated, incubated, and
media assayed for TNF-α. Displayed are TNF-α concentrations in the
conditioned media when no exogenous IL-1α had been added (n 5 2).
Separate experiments demonstrated that exogenous IL-1α did not affect
secretion of TNF-α by keratinocytes exposed to any of these wavelengths.
(c) Neonatal and adult keratinocytes were irradiated with 10 or 30 mJ per
cm2 of UVB or 5 or 20 J per cm2 of UVA. Displayed are TNF-α
concentrations in the conditioned media from irradiated neonatal (n 5 2)
and adult (n 5 3) keratinocytes, p , 0.01 for adult 30 mJ per cm2 UVB
relative to sham by analysis of variance, then Dunnett q9 statistic.
TNF-α in the regulation of tropoelastin expression through down-
regulation of the gene at the transcriptional level involving the
transcription factor AP-1 (Kahari et al, 1992), we sought to
determine how this cytokine interacts with IL-1α. We found that
the addition of TNF-α to unirradiated fibroblasts inhibited the
ability of IL-1α to upregulate tropoelastin mRNA (Fig 3). This
inhibition reaches maximal effect at 10 ng TNF-α per ml (Fig 3).
TNF-a is required for UVB to block the ability of IL-1a to
upregulate tropoelastin message We next sought to establish
that the increase in TNF-α secretion by fibroblasts exposed to
UVB and IL-1α is, in fact, the cause of the unresponsiveness of
tropoelastin message to IL-1α. Addition of neutralizing anti-TNF-
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Figure 3. Effects of exogenous TNF-a on the ability of IL-1a to
stimulate tropoelastin mRNA in fibroblasts. Human cultured
fibroblasts were incubated with or without IL-1α and TNF-α, as indicated.
Displayed are normalized tropoelastin mRNA levels after 24 h of incubation
at 37°C. IL-1α produced a statistically significant increase in tropoelastin
mRNA only in the cells that received no TNF-α (p , 0.01 by t test).
α antibodies to UVB-irradiated fibroblasts restored the respons-
iveness of tropoelastin (Fig 4a) and collagen (Fig 4b) messages to
added IL-1α. Nonimmune mouse IgG1 antibody had no effect
(data not shown). Restoration of tropoelastin mRNA responsiveness
to IL-1α occurred at the lowest dose of anti-TNF-α antibody,
whereas collagen mRNA required the highest dose, suggesting that
collagen mRNA is more sensitive than tropoelastin mRNA to
small residual amounts of TNF-α.
DISCUSSION
We have found that the combination of IL-1α with UVB, but not
with UVA or UVA1, acts synergistically on fibroblasts to induce
secretion of TNF-α, which then has substantial regulatory effects
on the expression of matrix-related genes. We observed similar
effects in keratinocytes, except that all the wavelengths that we
tested induced IL-1α secretion by these cells, and so UVB provoked
keratinocyte secretion of TNF-α, independent of exogenously
added IL-1α. Furthermore, we found that TNF-α is the major
mediator of the ability of UVB to block interleukin-1α-induced
stimulation of tropoelastin and collagen mRNA levels (see Werth
et al, 1997). Keratinocytes are known to produce a wide variety of
cytokines, such as IL-1α, in response to UV radiation, and recent
experiments demonstrate that these cytokines, including IL-1α,
can cross a reconstituted basement membrane (Kupper et al, 1987;
Kondo et al, 1997). Thus, in vivo, IL-1α released from keratinocytes
exposed to any of several UV wavelengths, and TNF-α released
from keratinocytes exposed to UVB in particular, may cross the
basement membrane and affect cytokine release and gene expression
in the underlying dermal fibroblasts. Taken together, our results
suggest that local induction of TNF-α by keratinocytes or fibroblasts
may explain the suppression of tropoelastin mRNA in skin after
acute UVB exposure (Werth et al, 1997), despite the known ability
of UVB to stimulate secretion of IL-1α, which by itself stimulates
tropoelastin expression (Kupper et al, 1987; Mauviel et al, 1993).
There is a growing awareness that UVB and UVA have differential
effects on the skin, including apoptosis (Godar and Lucas, 1995;
Beer et al, 1993), effects on epidermis and extracellular matrix
(Kligman and Sayre, 1991; Lavker and Kaidbey, 1997), cutaneous
adhesion molecules (Krutmann and Grewe, 1995), vascular endo-
thelial growth factor (Longuet-Perret et al, 1998), and immunosup-
Figure 4. Effect of anti-TNF-a antibodies on the ability of UVB
to block the effect of IL-1a on matrix-related messages. Human
cultured fibroblasts were irradiated with 30 mJ of UVB or sham irradiation,
and then given media without (minus symbols) or with (plus symbols)
10 ng IL-1α per ml, plus the indicated concentrations of anti-TNF-α
inhibitory antibodies. Displayed are normalized tropoelastin (a) and collagen
(b) mRNA levels after 24 h of incubation at 37°C.
pression (Baadsgaard et al, 1989; Godar and Lucas, 1995; LeVee
et al, 1997; Skov et al, 1997).
The mechanism of these differential effects are not totally
understood, although UVB is known to directly damage DNA,
whereas UVA generates reactive oxygen products, and each of
these wavelengths induces its own set of immediate early genes
(Krutmann and Grewe, 1995; Ariizumi et al, 1996). The potential
that there are interactive effects of UV and cytokines, such as IL-
1α, on the production of other cytokines by fibroblasts, such as
TNF-α, has only recently been described (Fujisawa et al, 1997).
Our results indicate that some of the differences between UVB
and UVA could be related to differential wavelength effects on
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cytokine production. In particular, many known effects of UVB,
such as regulation of matrix-related genes, apoptosis, translocation
of SSA and SSB antigens to the cell surface, pathogenesis in lupus
erythematosus, and cutaneous inflammation, are also known to be
affected by TNF-α. Thus, it is possible that specific induction of
TNF-α by UVB may mediate many of these effects.
There is some dispute in the literature concerning the effects of
different UV wavelengths on cytokine production. We speculate
that some of these differences might arise from subtle differences
in experimental conditions, such as levels of contaminating IL-1α
in culture medium or differences in radiation protocols and sources.
For example, our results and the work of Fujisawa et al (1997)
show that TNF-α is not released in measurable amounts from
cultured fibroblasts after UVB irradiation in the absence of added
IL-1α, although another report did show UVB-induced increase
in fibroblast production of TNF-α (de Kossodo et al, 1995). Also,
our results and the work of Longuet-Perret et al (1998) indicate that
UVA does not stimulate TNF-α release from cultured keratinocytes,
whereas another report has found an UVA-stimulated release of
this cytokine (Corsini et al, 1997). In addition, there is evidence
to suggest that UV-induced cytokine production from immortalized
keratinocyte lines responds differently than from nontransformed
keratinocytes (Marionnet et al, 1997; Morita et al, 1997). Recent
studies of blister fluid from UVB and UVA1-irradiated skin found
that TNF-α accumulation in the fluid was induced only by UVB,
indicating wavelength specificity in vivo, although no studies of
individual cell types were performed (Skov et al, 1998).
Our results demonstrate wavelength-specific effects on TNF-α
production by cells exposed to UV plus exogenous or endogenous
IL-1α, and this TNF-α production in turn affects tropoelastin gene
expression in vitro and probably in vivo. It is likely that this induction
of TNF-α by UVB, but not UVA or UVA1, accounts for many
of the specific effects seen with UVB relative to UVA, including
acute effects on extracellular matrix, apoptosis, antigen translocation,
and inflammatory responses in the skin.
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